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I.  INTRODUCTION 


This  Final  Report  summarizes  the  scientific  results  obtained  during  our  project 
entitled  “Phase  Transitions  on  Clean  and  Adsorbate  Covered  Surfaces.” 

1ARY  OF  EXPERIMENTAL  WORK 

experimental  studies  are  divided  among  three  categories:  ( 1 )  Surface 
Phases  of  Se  Adsorbed  on  Ni(00 1 );  (2)  Au(  1 1 0)  ( I  x2)  Order-Disorder  Transition;  (3) 
Experimental  Methods  for  Study  of  Surface  Phase  Transitions.  These  are  presented  In 
order.  Interpretation  of  the  experimental  results  relied  heavily  upon  tne  theoretical 

work  described  in  Section  3. 

-- — ^ 

2.1.  Phase  Diagram  of  Submonolavers  of  Se  Adsorbed  on  a  NifOOH  Surface 
The  thermodynamic  phase  diagram  for  sub-mono  layers  of  5e  adsorbed  on  a 
NK001 )  substrate  has  been  determined  and  the  characteristics  of  the  phase 
transitions  in  the  vicinity  of  the  phase  boundaries  have  been  studied.  Reflection 
Electron  Diffraction,  Auger  Electron  Spectroscopy  and  Thermal  Desorption 
Spectroscopy  were  the  major  experimental  techniques  employed.  The  major  results 
of  this  study  are: 

1.  The  phase  diagram  has  been  determined  for  Se  coverages  in  the  range  0  <  0  <  0.5 
monolayers  and  for  substrate  temperatures  between  350  K  and  650  K. 

2.  The  experimental  and  theoretical  analysis  are  most  consistent  with  all 
transitions  being  continuous. 

3.  Results  are  compared  with  model  calculations  to  deduce  the  magnitude  of  the 
Se-Se  interaction  energies. 

4.  The  Se/Ni(001 )  phase  diagram  is  shown  to  be  a  possible  realization  of  the 
Ashkin-Teller  model. 

5.  Se  adsorption  to  coverages  of  about  one-monolayer  and  above  leads  to  formation 
of  bulk  NiSex  compounds. 


A  detailed  presentation  of  the  above  results  is  made  in  Technical  Reports  *  10  and 
♦It.  One  Ph.O.  thesis,  "Thermodynamic  Phase  Diagram  of  Selenium  Adsorbed  on 
the  Ni(00! )  Surface,"  by  J.5.  Ochab  was  completed.  The  thesis  abstract  is  included  in 
the  Appendix. 

2.2.  The  Au(  110)  (1x2)  Order-Disorder  Phase  Transition 

New  Low  Energy  Electron  Diffraction  instrumentation  developed  as  a  part  of  this 
project  was  used  to  study  the  order-disorder  phase  transition  which  occurs  on  the 
(1x2)  reconstructed  surface  of  clean  Au(  1 10).  The  major  results  of  these 
experiments  are: 

1.  The  Au(l  1  OK  1x2)  phase  transition  was  shown  to  be  a  realization  of  the  simple 
Ising  Universality  Class.  The  critical  exponents  a,  13,  y  and  v  were  determined 
from  the  experimental  data  and  agree  with  predicted  values. 

2.  Evidence  for  finite  size  effects  due  to  surface  imperfections  was  obtained. 
These  effects  suppress  the  critical  temperature  695  K  by  about  45  K  and  are 
consistent  with  theoretical  predictions. 

3.  A  method  for  extracting  the  critical  exponent  of  the  specific  heat  from  a 
diffraction  measurement  proposed  by  Bartelt,  Einstein  and  Roelofs  was  tested 
and  shown  to  be  valid. 

These  results  are  presented  in  detail  in  Technical  Reports  9 12  and  14  One  Ph.D. 
thesis,  "An  Investigation  of  the  Au(  1 1  OK  1x2)  Order-Disorder  Phase  Transition,"  by 
D.E.  Clark  was  completed  as  part  of  this  study. 

2.3.  Experimental  Methods  for  Study  of  Surface  Phase  Transitions 
Considerable  attention  was  given  to  the  proper  experimental  and  analysis 

methods  necessary  to  use  Low-Energy  Electron  Diffraction  (LEED)  as  a  tool  to  study 
phase  transitions  on  surfaces.  Major  results  include: 

1 .  The  limitations  that  non-structural  parameters  and  multiple  scattering  place  on 

the  accuracy  of  lattice  constant  determination  were  analyzed. 


2.  The  uncertainties  introduced  in  extraction  of  critical  exponents  from  LEED  data 
by  non-critical  effects  such  as  thermal  diffuse  scattering  were  analyzed. 

3.  Some  artifacts  introduced  by  multiple  scattering  were  studied  and  a  method  to 
correct  for  them  was  developed. 

4  A  new,  high  coherence  LEED  system  was  developed  but  was  found  to  be  too 
mechanically  unstable  to  take  full  advantage  of  the  highly  coherent  primary 
electron  beam. 

These  results  are  described  in  Technical  Reports  *3, 9,  1 1  and  13. 

3.  SUMMARY  OF  THEORETICAL  WORK 

The  theoretical  work  falls  into  four  categories:  ( 1 )  stepped  surfaces,  (2) 
renormalization  group  calculations,  (3)  effects  of  finite  size  on  phase  transitions  in 
two  dimensions  and  (4)  analysis  of  phase  diagrams  for  specific  experimental 
systems. 

3.1  Theoretical  Analysis  oLSlepped  Surfaces 

A  theoretical  analysis  of  some  effects  of  stepped  surfaces  on  ordering  was 
carried  out.  The  major  results  are  twofold.  A  way  to  determine  the  sign  of  the 
change  in  binding  energy  at  terrace  edge  sites  directly  from  experimental  results 
(Low  Energy  Electron  Diffraction  data)  was  developed,  explored  and  applied  to 
O/stepped  W(  1 10).  The  method  used  included  Monte  Carlo  simulation.  Detailed 
results  are  contained  in  Technical  Reports  *1, 2,  and  4  and  publications  *7, 8, 9  and 
17.  Secondly  a  classification  of  which  phase  transitions  on  stepped  surfaces  are 
allowed  to  be  continuous  (second  order)  was  made.  This  study  employed  the  Landau- 
Lifshitz  rules.  The  main  results  are  that  the  symmetry  breaking  due  to  the  steps 
reduces  the  number  of  possible  continuous  transitons,  and  most  of  them  are  on  the 
Ising  universality  class.  Details  are  given  in  Technical  Report  *5  and  publication 
*13.  This  work  constituted  the  Master’s  thesis  of  B  E.  Clements.  The  thesis  abstract 
is  included  in  the  Appendix. 
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3.2  Renormalization  Group  Calculations 

Some  calculations  using  the  renormalization  group  method  for  first-orcer 
transitions  and  specific  models  of  surface  systems  were  carried  out.  Details  are 
given  in  Technical  Reports  *5,  6,  7  and  8  and  publications  *  10  and  14 

3.3  Finite  Size  Effects 

Results  were  obtained  on  the  shape  dependence  of  the  finite  size  specific  heat 
correction  term  in  the  two-dimensional  Ising  model  critical  region.  It  was  shown 
analytically  that  the  curious  unexplained  effects  are  due  to  a  one-dimensional  array 
of  domain  walls.  Details  are  given  in  Technical  Report  *16  and  publications  *15  and 
16.  In  addition  a  review  of  the  theory  of  finite  size  effects  (and  our  resuits  on 
stepped  surfaces)  was  written,  see  Publication  *17.  Finally,  using  the  recently 
developed  principle  of  conformal  invariance,  calculations  of  scattering  lineshapes  in 
fully  finite  2D  regions  (at  bulk  criticality)  of  various  shapes  were  made.  This 
represents  a  significant  extension  of  the  theory  of  finite  size  effects  to  include 
scattering  functions.  See  Technical  Report  *17  and  publications  *18  and  19. 

3-4  Analysis  of  Experimental  Work 

In  conjunction  with  our  experimental  colleagues,  analysis  of  results  for 
5e/Ni(  1 00),  Au(  1 1 0)  and  N2/NK 1 1 0)  was  made.  The  first  two  have  already  been 
described  under  Section  2.  The  last  involved  understanding  the  observed  phase 
diagram  of  N2/NK 1 10),  which  apparently  includes  a  phase  that  is  formed  due  to  an 
instability  to  dislocations.  See  Technical  Report  *18  and  publication  *12. 


5.  APPENDICES 
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1.  "Limitations  to  the  Accuracy  of  Surface  Crystal  Structure  Determinations  Using 
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Conference  on  Determination  of  Surface  Structure  dv  Leed.  Ed.  P.M.  Marcus  ana  r. 
Jona,  (Plenum  Press,  New  York,  1985)  p.  261. 

2.  "Phase  Diagram  of  Selenium  Adsorbed  on  the  Ni(  1 00)  Surface.  A  Physical 
Realization  of  the  Ashkin-Teller  Model,"  P.  Bak,  P.H.  Kleban,  W.N.  Unerti,  J.  Ochab, 
G.  Akinci,  N.C.  Bartelt  and  T.L.  Einstein,  Phys.  Rev.  Lett.  54,  1539  (1985). 

3.  “The  Au(l  10)  (I x2H  1x1)  Phase  Transition:  A  Physical  Realization  of  the  2D 
Ising  Model,"  J.C.  Campuzano,  M.S.  Foster,  G.  Jennings,  R.F.  Willis  anc  W.N.  Unerti, 
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4.  “Some  Experimental  Artifacts  in  LEED  Studies  of  Phase  Transitions,”  W.N.  Unerti, 
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5.  "Specific  Heat  Anomaly  of  Au(  1 10)  (1x2)  Studied  by  Low-Energy  Electron 
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6.  "Continuous  Phase  Transitions  in  Two  Dimensional  Systems,”  W.N.  Unert!  (A 
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8.  "Chemisorption  on  Stepped  Surfaces:  0/Stepped  W(  1 10),"  P.H.  Kleban  and  R. 
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10.  "Direct  Calculation  of  the  Derivatives  of  the  Free  Enerqy  for  Ising  Models  by  3 
Modified  Kadanoff's  Variational  Method,"  P.H.  Kleban  ana  Chin-Kun  Hu,  J.  Comp. 
Phys.  43,  289(1981). 

11.  "Phase  Diagram  of  Ising  Models  with  Random  Sublattice  Vacancies,"  P.H.  Kleban 
and  Chin-Kun  Hu,  Phys.  Rev.  B  25,  6760  ( 1 982). 

12.  "Evidence  for  the  Commensurate  Solid-Fluid-incommensurate  Solid  Phase 
Sequence:  N,  Adsorbed  on  Ni(llO),”  P.H.  Kleban,  M.  Grunze,  W.  N.  Unerti  and  F.  Rys, 
Phys.  Rev.  Letters  51,  582  (1983). 

13.  "Landau-Lifshitz  Analysis  for  Stepped  Surfaces,"  P.H.  Kleban  and  B.E.  Clements, 
Surface  Sci.  138,211(1984). 

14.  "Phenomenological  Renormalization  Group  Approach  to  Phase  Transitions,"  P.H. 
Kleban  and  Chin-Kun  Hu,  Annual  Report  of  the  Institute  of  Physics,  Acaaemia 
Sinica  13(1983). 

15.  "Domain  Walls  and  Shape  Dependence  of  Finite  Size  Corrections  to  the  Two 
Dimensional  Ising  Model  Critical  Region,"  P.H.  Kleban  and  G.  Akinci,  Phys.  Rev.  B 
28,  1466(1983) 
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16.  “Domain  Walls  and  Shape  Dependence  in  the  Two-Dimensional  ising  Model 
Critical  Region,"  P.H.  Kleban  and  G.  Akinci,  Phys.  Rev.  Letters  51,  1053  (1933). 

17.  "Finite  Size  Effects,  Surface  Steps,  and  Phase  Transitions,"  P.H.  Kieban,  in 
Chemistry  and  Physics  of  Solid  Surfaces  V.  R.  Vanselow  and  R.  Howe,  eds. 
(Springer,  Berlin)  1984. 

18.  "Finite  Size  Effects  at  Two  Dimensional  Ising  Critical  Points  via  Conformal 
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19,437(1986). 

19.  "Effects  of  Finite  Size  and  Shape  on  Scattering  and  Thermodynamic  Quantities  at 
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2.  "Diffraction  Gratings,  Surfaces,  and  Chemisorption,"  for  the  undergraduate 
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5.  "Criterion  for  First  Order  Phase  Transitions,"  and  "Chemisorption  on  Stepped 
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6.  "Criterion  for  First  Order  Phase  Transitions,"  Statistical  Mechanics  Meeting, 
Rutgers  University,  May  1981. 

7.  "Chemisorption  on  Stepped  Surfaces,"  International  Conference  on  Phase 
Transitions  on  Surfaces,  University  of  Maine,  August  1981. 

8.  "Criterion  for  First  Order  Phase  Transitions,"  NES-APS,  University  of  Maine, 

October  1981.  y 

9.  "Criterion  for  First  Order  Phase  Transitions,"  Physics  Department,  M  I.T., 
October  1981. 

1 0.  "Criterion  for  First  Order  Phase  Transitions,"  Physics  Department,  University  of 
Rhode  Island,  December  1981. 

1 1.  “Divergence  of  the  Susceptibility  at  a  First-Order  Phase  Transition,"  Statistical 
Mechanics  Meeting,  Rutgers,  December  1981. 

12.  "Criterion  for  First  Order  Phase  Transitions,"  APS  Meeting,  Dallas,  March  1982. 

1 3.  "Landau-Lifshitz  Analysis  for  Stepped  Surfaces,"  Statistical  Mechanics  Meeting, 
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1 4  "Some  Examples  of  Statistical  Mechanics  in  Chemisorption  Systems,"  Fritz- 
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1 5.  Poster  presentation  on  "Criterion  for  First  Order  Phase  Transitions,"  Conference 
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17.  Talk  on  “N2Ni(  1 1 0),"  APS  Meeting,  Los  Angeles,  March  1 983. 

18.  Tattum  "Shape  Effects  in  2D  Ising  Models,”  Statistical  Mechanics  Meeting,  May 

19.  Institute  fur  Physikalische  Chemie,  Universitat  Munchen,  July  1983  (Invited 


20.  1UPAP  Conference  on  Thermodynamics  and  Statistical  Mechanics,  Edinburgh,  July 
1983  (Contributed  talk). 

21.  International  Summer  School  in  Surface  Science,  Milwaukee,  Auaust,  1983 
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22.  Physics  Department,  Dalhousie  University,  Halifax,  March  1984  (Invited  talk). 
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27.  Physics  Department,  M.I.7.,  April  1985  (invited  talk). 
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29.  International  Union  of  Pure  and  Applied  Chemistry  Meeting,  Manchester,  U.K., 
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30.  NORDITA,  Copenhagen,  September  1 935  (invited  talk). 

31.  Institute  for  Physical  Science  and  Technology,  University  of  Maryland,  April 
1986  (Invited  talk). 


of  currant  theories  at  phase  transitions  and  universality 


continuous  phase  transitions  on  the  eleven  stepped  surfaces  fall  Into 
the  Islng  model  or  the  X-Y  model  with  cubic  anisotropy  Universality 


